Abstract Spatial patterns in carbon (C) and nitrogen (N) cycles of high-latitude catchments have been linked to climate and permafrost and used to infer potential changes in biogeochemical cycles under climate warming. However, inconsistent spatial patterns across regions indicate that factors in addition to permafrost and regional climate may shape responses of C and N cycles to climate change. We hypothesized that physical attributes of catchments modify responses of C and N cycles to climate and permafrost. We measured dissolved organic C (DOC) and nitrate (NO 3 À ) concentrations, and composition of dissolved organic matter (DOM) in 21 streams spanning boreal to arctic Alaska, and assessed permafrost, topography, and attributes of soils and vegetation as predictors of stream chemistry. Multiple regression analyses indicated that catchment slope is a primary driver, with lower DOC and higher NO 3 À concentration in streams draining steeper catchments, respectively. Depth of the active layer explained additional variation in concentration of DOC and NO 3 À . Vegetation type explained regional variation in concentration and composition of DOM, which was characterized by optical methods. Composition of DOM was further correlated with attributes of soils, including moisture, temperature, and thickness of the organic layer. Regional patterns of DOC and NO 3 À concentrations in boreal to arctic Alaska were driven primarily by catchment topography and modified by permafrost, whereas composition of DOM was driven by attributes of soils and vegetation, suggesting that predicting changes to C and N cycling from permafrost-influenced regions should consider catchment setting in addition to dynamics of climate and permafrost.
Introduction
High-latitude catchments play a significant role in global elemental cycling by storing significant quantities of organic carbon (C) and nitrogen (N) in cold, wet soils Tarnocai et al., 2009] . Large fluxes of dissolved materials link high-latitude catchments to coasts McGuire et al., 2009] , where dissolved organic C (DOC) and N may fuel microbial respiration or stimulate productivity in the Arctic Ocean [Carmack et al., 2004; Holmes et al., 2008; Le Fouest et al., 2013] . Furthermore, significant gaseous fluxes of C result from respiration of DOC in aquatic ecosystems of high-latitude catchments, which may constitute a feedback to further climate warming [Kling et al., 1991; Striegl et al., 2012] . Recent observations of highlatitude catchments indicate decreased flux of DOC and increased flux of nitrate (NO 3 À ) from an arctic river at a decadal time scale . Export of DOC has also decreased relative to discharge over several decades in the Yukon River Basin, which drains predominantly discontinuous permafrost [Dornblaser and Striegl, 2007; Striegl et al., 2005] . Additionally, upland headwater catchments in the same basin yield net export of N as NO 3 À [Jones et al., 2005] . Despite these coincident trends, evidence for changing C and N cycles is not consistent across all high-latitude catchments. For example, whereas a latitudinal decline in stream NO 3 À was observed across a gradient spanning discontinuous to continuous permafrost in Alaska [Jones et al., groundwater-surface water interactions [Carey and Quinton, 2005] . This results in high concentration of DOC in receiving waters of catchments underlain by permafrost relative to those with little or no permafrost [Balcarczyk et al., 2009; Neff et al., 2006; Petrone et al., 2006] . Accordingly, composition of DOM in high-latitude streams typically reflects vegetation sources during snowmelt, when flowpaths are shallow, with increased evidence of decomposition at base flow [O'Donnell et al., 2010; Spencer et al., 2008; Walker et al., 2013] . Dissolution and transport of inorganic solutes, including N, result when permafrost thaw yields a thicker active layer, permitting deeper flowpaths through catchments [Harms and Jones, 2012; Keller et al., 2010; Keuper et al., 2012; Lafrenière and Lamoureux, 2013; Walvoord and Striegl, 2007] . Thus, thawing at the southern extent of permafrost may contribute to an observed latitudinal decline in NO 3 À concentration from subarctic to arctic streams [Jones et al., 2005] . Despite these general spatial and seasonal patterns linking permafrost-driven hydrology to mobilization of C and N from catchments, significant variation in concentration or load and composition of DOM and inorganic N occurs across catchments and among regions at high latitudes McClelland et al., 2014; Roth et al., 2013; Tank et al., 2012; Walker et al., 2013] .
In addition to climate-driven permafrost dynamics, temperature influences catchment biogeochemistry through its effects on rates of geochemical weathering and biological processes, and the composition or cover of vegetation. Across a broad suite of Siberian catchments encompassing both permafrost and permafrost-free regions, concentration of DOC in streams increased as a function of mean annual air temperature, which suggests potential for significant increases in delivery of DOC to coasts under continued climate warming [Frey et al., 2007] . Temperature also has a dominant effect on the composition of DOM, through its influence on rates of decomposition [Williams et al., 2010] . Nitrate concentration in forested boreal catchments correlates positively with mean summer or annual air temperature [Kortelainen et al., 2006; Sponseller et al., 2014] , which is likely due to climate effects on the distribution and productivity of vegetation. Additionally, species-specific acquisition of nutrients, nutrient use efficiencies, and productivity of plants can alter abundance of C and N available for export, thereby influencing solute concentrations in receiving waters [Judd and Kling, 2002; Lovett et al., 2002] .
Independent of climatological setting, catchment topography explains variation in concentration and export of dissolved C and N in streams and lakes, due to its strong influence on water residence time [McGuire et al., 2005] . Longer water residence times, correlated with low relief and presence of wetlands, typically correspond with increased concentrations of organic solutes and decreased concentration of inorganic solutes, particularly NO 3 À [Clow and Sueker, 2000; Creed et al., 2008; Dillon and Molot, 1997; Gergel et al., 1999; Sponseller et al., 2014; Watmough et al., 2004] . Low relief may also yield characteristic organic molecules, due to effects of soil moisture on rates of decomposition or distinct plant communities within wetlands [Kothawala et al., 2015] . For example, greater relative protein-like and humic components of DOM, detected by analysis of fluorescence attributes of stream water, have been observed in wetland-influenced catchments compared to upland catchments [Strohmeier et al., 2013; Williams et al., 2010] . Protein-like components are positively correlated with decomposition of DOC [Balcarczyk et al., 2009; Fellman et al., 2009] , and thus, catchment characteristics in turn may influence the eventual fate of exported DOM.
Catchment characteristics influence the character and eventual fate of exported C and N, but the specific attributes of high-latitude catchments that determine export of C and N remain unclear [McClelland et al., 2015] . Predicting response of high-latitude catchments to climate is critical because dissolved fluxes may contribute substantial, but less frequently evaluated components of terrestrial C and nutrient budgets, and large fluxes of C and nutrients link high-latitude catchments to coasts. Due to limited data available for parameterization of models and gaps in underlying conceptual frameworks, existing biogeochemical models specific to high-latitude regions do not accurately represent transfer of solutes from terrestrial to aquatic ecosystems, yielding estimates of solute exports to coasts that vary widely among models Kicklighter et al., 2013] . Increased understanding of the factors driving spatial and temporal heterogeneity in dissolved C and N exports will enable refined predictions of material exports and modeled responses to changing climate. Therefore, the objectives of this study were to identify the characteristics of catchments that influence concentrations of NO 3 À and DOC, and composition of DOM in streams across a latitudinal gradient in Alaska spanning discontinuous to continuous spatial extent of permafrost. Specifically, we assessed relationships between stream chemistry and catchment characteristics including topography, vegetation, permafrost, and climate. We hypothesized that permafrost extent and active layer depth establish regional patterns in stream chemistry due to strong influence on catchment hydrology and vegetation. Alternatively, we hypothesized that as in permafrost-free regions, catchment topography is correlated with stream chemistry, due to the relationship between catchment slope and water residence time.
Methods

Site Description
We sampled streams across a north-south gradient spanning approximately 4°latitude ( Figure 1 , Table 1, and  Table S1 in the supporting information). Samples were collected three times (May, July, and August) in 2009, corresponding to snowmelt, summer, and early autumn periods, respectively. In May, sampling occurred prior to peak discharge from the northernmost streams and in smaller catchments throughout the gradient, whereas sampling coincided with snowmelt recession in the largest of the southernmost streams ( Figure S1 ). Except for the Chena, Chatanika, and Salcha Rivers, ice was present in all channels during sampling in May. All streams were sampled at or near base flow conditions in July and August ( Figure S1 ). Additional samples were collected from a subset of streams in 2010 for verification of the parallel factor model of DOM composition (see excitation-emission matrix (EEM) methods below). The gradient encompassed streams underlain by discontinuous permafrost in the south, transitioning to continuous permafrost in the north. Although glacial streams occurred along the latitudinal transect, particularly within the Brooks Range, these streams are less strongly coupled to the surrounding watershed, and thus were not included in analyses. All catchments are within the Yukon River Basin, except for three streams on the north slope of the Brooks Range, which represent tundra ecosystems underlain by continuous permafrost. Anthropogenic development accounted for a maximum of 0.7% of catchment area across the catchments included in the study. Fertilization experiments near the northern and southern ends of the latitude gradient have indicated that terrestrial primary production is typically limited by N [Chapin et al., 1995; Yarie and Van Cleve, 2010] .
Stream Water Sampling and Analysis
We collected triplicate water samples from each stream and filtered samples (0.7 μm glass fiber filters) at the time of collection. Samples were then frozen until analysis. We analyzed NO 3 À on a Dionex IC25 ion chromatograph (limit of quantitation: 0.2 μM) and DOC by nondispersive infrared detection on a Shimadzu TOC-5000 (limit of quantitation: 8 μM).
Composition of Dissolved Organic Matter
We measured absorbance of UV and visible light, and fluorescence spectra of stream water to quantify composition of DOM. Previous research has demonstrated that DOM from varying sources or ages produces characteristic fluorescence patterns, which can be used to infer patterns in DOM complexity and composition [Coble, 2007] . Excitation-emission matrices (EEMs) were generated from fluorescence spectra by exciting samples across a range of wavelengths of light and monitoring intensity and wavelengths of resulting light emissions. Characteristic excitation and emission wavelengths vary due to the composition of organic molecules present in the sample. EEMs were collected for replicate surface water samples from all sites in May, July, and August in 2009, and a subset of streams were sampled again in 2010 to increase power of the Parallel Factor Analysis (PARAFAC) model (see below). Fluorescence spectra were measured on a Perkin-Elmer LS 55 fluorescence spectrometer. Excitation wavelengths ranged from 250 to 400 nm in 10 nm increments, and the corresponding emission spectrum was collected from 350 to 500 nm at 2 nm increments. EEMs were analyzed by Parallel Factor Analysis (PARAFAC) with the N-way toolbox for MATLAB [Andersson and Bro, 2000] . Standard methods were used to correct emission intensities for instrument bias, daily variation in instrument performance (normalization using the water-Raman curve), and the inner-filter effect [Cory et al., 2010] . Fluorescence of a Milli-Q water blank was subtracted from each sample. PARAFAC analysis considers the entire sample set of EEMs and identifies repeated patterns in high fluorescence ("hot spots") within the three-dimensional data matrix. These hot spots are labeled components, which can then be assigned in a unique proportion to each sample. Components can be compared with previously reported model results to identify the general class of organic molecules that created the characteristic fluorophores within the component's region of the matrix (Table 3) . Model validation was based on split-half analysis using the DOMFluor toolbox [Stedmon and Bro, 2008] , in which each sample is randomly assigned to one of two separate data sets, followed by independent evaluation of a prescribed number of PARAFAC components. The results from these analyses are compared, and if deviation in component characteristics is below a set threshold for the two data sets, the model is considered validated.
In addition to components resulting from PARAFAC model analysis, we calculated the fluorescence index (FI), which typically correlates with the source of DOM. Specifically, higher values of FI indicate microbial origin of molecules contributing to the DOM pool, whereas lower values indicate a largely terrestrial origin from higher plants [Cory et al., 2010; Williams et al., 2010] . FI is most commonly calculated as the ratio of emitted fluorescence intensity at 470 nm to the intensity at 520 nm with an excitation wavelength of 370 nm (f 470 /f 520 ) [Jaffe et al., 2008] . However, due to the instrumentation used in this study, we calculated FI using data with an emission intensity ratio of 450 nm/500 nm, with an excitation wavelength of 370 nm [McKnight et al., 2001] . Although this estimate of FI limits direct comparison of values with other studies, the relative magnitude of the FI values is consistent and can be interpreted in the same manner as for FI calculated from longer wavelengths [Cory et al., 2010] .
Absorbance of UV and visible light was measured on a Shimadzu UV-1700 UV-Visible spectrophotometer, at wavelengths from 250 to 500 nm in 1 nm increments. Specific UV Absorbance at 254 nm (SUVA 254 ) was calculated by dividing absorbance at 254 nm by the DOC concentration (mg C/L) and is a measure of aromaticity [Weishaar et al., 2003] . The slope ratio (SR) was quantified as the ratio of the log-transformed spectral slopes of absorbance at wavelengths 275-295 nm and wavelengths of 350-400 nm. SR is related to molecular weight of compounds in the DOM pool, with higher values corresponding to lower molecular weights [Helms et al., 2008] .
Spatial Data Collection and Analysis
Topographic data were extracted from a 60 m digital elevation model (U.S. Geological Survey (USGS) National Elevation Dataset). Catchment slope (degrees), aspect, and elevation were estimated as means for the contributing area upstream of the sampling point. Aspect was transformed before analysis as À1*cos(aspect-45) to capture a southwest-northeast gradient representing maximum and minimum inputs of solar radiation in the northern hemisphere. Streams were extracted from the digital elevation model (DEM) using the algorithm of Planchon and Darboux [2002] . Specific contributing area was derived using the D8 flow algorithm [O'Callaghan and Mark, 1984] with a channelization threshold of 20,000 m 2 . This threshold was selected based on visual assessment of a ground-truthed stream layer including portions of the Poker, Caribou, and Chatanika basins.
The areal extent of probable topographic depressions within each catchment, hereafter defined as wetlands, was estimated using a Monte Carlo approach executed with the Whitebox toolset (v. 3.2.1) [Creed et al., 2008] . In this approach, random errors were added to DEM pixels, with values drawn from a normal distribution with mean of zero and standard deviation equal to the vertical accuracy of the DEM (1.84 m), and a range of 2000 m estimated from a semivariogram to constrain spatial autocorrelation. The depression-filling algorithm of Wang and Liu [2006] was then applied to the modified DEMs, and filled pixels were flagged during each of 100 iterations. The depression probability for each pixel was calculated as the frequency of filling over the set of iterations. Probability thresholds of 5 to 55% were assessed in 5% increments and tested against lake and pond features extracted from the USGS National Hydrography Dataset. Wetland area in each catchment was estimated by summing the area of pixels filled at greater than 30% probability. As an additional metric of the presence of wetlands, cover by wetland-associated plant species was estimated from a Landsat-derived, 30 m resolution data set (National Land Cover Dataset, 2001 ). Estimates of wetland area and cover by wetland vegetation were correlated (r = 0.64; Table 2 ).
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Permafrost, soil, and additional vegetative attributes of catchments were estimated using simulations from the Terrestrial Ecosystem Model (TEM), a process-based model designed to simulate C and N dynamics and exchange among vegetation, soil, and the atmosphere [McGuire et al., 1992; Raich et al., 1991] . The Dynamic Organic Soil version of TEM (DOS-TEM) used in the present analysis was developed to represent the processes driving spatial heterogeneity of terrestrial biogeochemical and environmental dynamics in high-latitude ecosystems at a 1 km resolution [Yi et al., 2010] . The model has been parameterized for six boreal forest communities (upland and lowland black spruce, white spruce, and deciduous boreal forest) [Yuan et al., 2012] and for four tundra communities (shrub, graminoid, heath, and wet sedge tundra) [Euskirchen et al., 2014; Euskirchen et al., 2009] . Rate-limiting parameters for gross primary productivity, autotrophic and heterotrophic respiration, maximum N uptake, N in litter, and soil C and N immobilization were calibrated until model values matched available field-based estimates. These adjusted rate-limiting parameters and field-based estimates were used to initialize the model simulations. The model was applied at a 1 km resolution over the spatial extent of the Yukon River Basin, which excluded the three highest latitude streams included in the latitudinal gradient. Recent sitelevel validation of soil and vegetation C estimates [Yuan et al., 2012; Genet et al., 2015] and soil thermal and hydrological dynamics has demonstrated the capacity of DOS-TEM to reproduce spatial and temporal heterogeneity in the modeled attributes of terrestrial ecosystems within the study area.
Application of the model requires input data sets of vegetation distribution derived from the North American Land Change Monitoring System (www.cec.org/naatlas/nalcms), soil texture, topography (elevation, slope, and aspect), atmospheric CO 2 concentration, and climate, including monthly air temperature, precipitation, vapor pressure, and incoming shortwave radiation [Genet et al., 2013] . TEM-derived estimates considered in regression models to predict stream chemistry included soil moisture (volumetric water content) and temperature, which were resolved for organic and mineral horizons, as well as active layer depth, thickness of the soil organic layer, and vegetation cover. TEM simulations consider a maximum soil depth of 5 m; locations lacking permafrost are therefore assigned an 
Statistical Methods
All statistical analyses except for the previously described PARAFAC modeling were conducted in R v. 3.0.2. Spearman rank correlations were used to assess relationships among constituents measured in streams, as well as among the characteristics of catchments considered as candidate predictors in subsequent regression analyses of stream chemistry.
Multiple regression was used to identify significant predictors of stream chemistry. Data were centered by subtracting the mean and dividing by standard deviation prior to analysis. Raw observations are presented in graphics and summarized in Table 1 . An initial set of candidate models was produced using the "all subsets" routine in package leaps, with model size limited to four or fewer predictor variables, followed by visual inspection of bivariate relationships for linearity. All candidate models were then inspected for multicollinearity of predictor variables, and models with variance inflation factors >2, or correlation coefficients >|0.5| were removed from the set of candidates ( Table 2) . Residuals of remaining models were assessed for normality, homoscedasticity, and points with high leverage, and transformations were undertaken to address these issues. Model selection was based on Akaike's information criterion (AIC), corrected for small sample size.
For each response variable, we present the best set of models encompassing a "95% confidence set" based on AIC weights.
Results
Seasonal and Spatial Patterns in Stream Solutes
Nitrate concentration was highest in the southernmost streams, declined sharply beginning at the Tatalina River, and remained low until increasing at approximately 67°latitude (Figure 2a ). Concentration of NO 3 À declined again in the streams draining tundra in the northern foothills of the Brooks Range. These spatial patterns were remarkably consistent across the three sampling times; however, in general, streams north of 67°latitude showed increased NO 3 À concentration in July and August compared to May (Figure 2a ). Concentration of DOC showed an inverse latitudinal pattern compared to NO 3 À (Figure 2b and Tables 4 and 4 ). In contrast to NO 3 À , DOC concentration was seasonal, with highest concentration in all streams during snowmelt (Figure 2b ).
PARAFAC modeling of EEMs yielded four components (C1-C4; Table 3 ). The components shared excitation and emission characteristics with components previously reported for other waters. C1 accounted for a majority of the fluorescent DOM pool and corresponded with previously studied humic, terrestrially derived organic material (Table 3) . C1 was negatively correlated during all sampling times with FI, which indexes a gradient of plant to microbial origin of compounds contributing to the DOM pool (Tables 4 and 5 ). Further, in July C1 was negatively correlated with the slope ratio, an index of mean molecular weight of the DOM pool (Table 5) , and covaried with DOC concentration during July and August (Table 5) . Thus, higher values of C1 correspond to DOM of terrestrial origin and humic composition, and in July the absorbance-based slope ratio further indicates that high relative contribution of component C1 co-occurs with DOM of higher molecular weights. Components C2 and C3 resembled previously studied oxidized and reduced quinones, respectively (Table 3 ). C2 and C3 components covaried negatively and positively with DOC concentration, respectively, and are not considered further here. Excitation and emission attributes of C4 were similar to those of the amino acid tryptophan, also referred to in previous studies as protein-like components (Table 3) . C4 was positively correlated with FI in all months, and with the slope ratio in May and July (Tables 4 and 5 ). Therefore, the protein-like fluorophores described by component C4 coincided with presence of compounds of lower molecular weight and lower abundance of humic compounds in the DOM pool.
Composition of DOM varied seasonally and spatially, with sharp contrasts in the degree of variation among the measured indices. C1, the terrestrial, humic-like component derived from PARAFAC analysis, contributed
Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003201 most strongly to the DOM pool in the midlatitude catchments during all sampling campaigns, as well as to catchments along the northern half of the latitude gradient during snowmelt (Figure 2d ). Fluorescence index values indicated a stronger contribution of terrestrially derived DOM during snowmelt at nearly all sites, with values of 1.5-1.6 (Figure 2c ). In July and August, FI values of 1.6-1.8 indicated increasing contribution of microbially derived compounds to the DOM pool, with highest values in August (Figure 2c ). Spatial patterns in FI were not apparent, with the exception of highest contribution of autochthonous DOM observed in three streams with low DOC concentration at approximately 67°latitude (Figure 2 ). The C4 (tryptophan-like) component derived from PARAFAC analysis constituted a greater fraction of the DOM pool in July and August compared to May in all but one of the streams (Figure 2e ). Slope ratio was lowest at all sites in May, indicating higher average molecular weight of DOM during snowmelt, and values were similar across all sites (Figure 2f ). Strong spatial patterns in the slope ratio of DOM occurred in July and August, with highest values at the 
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southern end of the gradient and in streams draining the southern foothills of the Brooks Range, indicating the presence of lower relative molecular weight compounds in these streams (Figure 2e ). However, this spatial pattern contrasted with spatial patterns of DOC concentration, such that lower average molecular weight of the DOM pool coincided with a smaller pool of DOC.
Influence of Catchment Characteristics on Stream Solutes
In all seasons, variation in concentration of NO 3 À across the latitude gradient was explained primarily by a positive correlation with catchment slope, and simple regression models including slope as the only predictor explained >50% of the variation in concentration ( Figure 3 and Table 6 ). Factors explaining DOC concentration were more diverse and variable across sampling dates than for NO 3 À , with vegetation and climate-driven predictors explaining nearly equal variation in concentration compared to catchment slope in May and August ( Figure 4 and Table 6 ). Upland tundra cover additionally occurred in the most likely models explaining DOC concentration in May and August, but had a positive effect during May, and a negative effect in August. Active layer depth was negatively correlated with DOC concentration and was present in the most likely models on all sampling dates. Catchment slope was negatively correlated with DOC concentration during May and August, but in July, only climate-associated variables of soil temperature and active layer depth entered into the most likely model. Models explained twice as much variation in DOC (R 2 adj > 0.80) across the latitude gradient in July and August than in May (R 2 adj = 0.42). Compared to solute concentrations, predictors of DOM composition were varied, more distinct across seasons, and in general, candidate models explained less variation than for solute concentrations (maximum R 2 adj = 0.60). Soil moisture was a negative correlate of FI in the most likely models in May and July ( Figure 5 and Table 6 ), indicating greater contribution of plant-derived compounds to the DOM pool where soils were wetter. Lowland tundra cover was additionally negatively correlated with FI and soil temperature was positively correlated with FI in the most likely models during May, patterns that reflect greater contribution of microbially derived compounds in warmer soils and in catchments with less tundra vegetation. In July, catchment slope was positively related to FI in the most likely model, explaining 20% more variance in FI than models including only predictors associated with climate or vegetation. The C1 component of fluorescent DOM was negatively related to organic layer thickness during May, and negatively related to active layer depth in July and August ( Figure 6 and Table 6 ). Catchment slope additionally occurred within the 95% confidence set of models describing C1 during August and was negatively related to C1 ( Figure 6 and Table 6 ). These patterns indicate greater contribution of humic molecules to the DOM pool, where the organic and active layers were less developed. Variation in the C4 component of fluorescent DOM, representing tryptophan-like compounds, was explained in May by a negative relationship with soil moisture (Table 6 ). a July values shown in top right (italicized; n = 22 for solute concentrations, n = 19 for DOM composition) and August in lower left (n = 22).
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In July, several equally likely models containing diverse predictors explained variation in C4, but organic layer thickness explained twice as much variation as models including soil temperature and vegetation cover (Table 6 ). Models included a negative relationship with thickness of the organic layer, negative relationship with cover of upland black spruce, and positive correlation with temperature of organic soils. No models of C4 met the criteria for candidacy in August. The slope ratio, a proxy for molecular weight of DOM, was predictable only in July and August (Table 6 and Figure 7) . The most likely candidate models describing slope ratio of DOM included positive effects of catchment slope and active layer depth in both July and August and a positive effect of upland tundra cover in August, with models that included catchment slope explaining greatest variation in the slope ratio. These patterns indicate that compounds of lower molecular weight contribute to the DOM pool in streams draining steep catchments with development of a deeper active layer and presence of tundra vegetation. Finally, latitudinal variation in SUVA could not be explained by any of the candidate predictor variables. Across variables describing the composition of DOM, characteristics of soils, and vegetation were more likely predictors than for concentration of bulk DOC.
Discussion
Contrasts in soil and stream chemistry across climate and permafrost gradients have been interpreted as space-for-time proxies to predict potential responses of carbon and nitrogen cycles to climate warming, Table 6 for regression models. Note that multiple regression models were fit to centered data.
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and in particular to thawing permafrost [Frey et al., 2007; Jones et al., 2005; Kawahigashi et al., 2004; Roth et al., 2013] . However, significant variation in the magnitude and direction of these biogeochemical patterns across high-latitude regions currently limits mechanistic understanding of observed patterns and predictive power of ecosystem models that estimate material fluxes from catchments to coasts. Here we provide evidence that in addition to the climate-driven attributes of active layer depth and soil temperature, catchment characteristics including mean slope, vegetation composition, and thickness of the soil organic layer influence the biogeochemistry of catchments underlain by permafrost in northern Alaska. These results indicate that catchment setting interacts with attributes of permafrost to influence the composition of bioreactive solutes exported from catchments, and underscore the notion that accurately predicting and interpreting responses of elemental cycles to changing climate, including thawing permafrost, must account for variation in physical and vegetative attributes across catchments [McClelland et al., 2015] . a Models summarized represent 95% confidence sets estimated by Akaike weights over candidate models for each response and season. ALD = active layer depth; T o = temperature of shallow organic soil; utundra = upland tundra extent; VWC o = volumetric water content of shallow, organic soils; ltundra = lowland tundra extent; VWC m = volumetric water content of upper mineral horizon. The spatial extent of TEM did not include three catchments, reducing n for models including TEM-derived predictors. b ln(y + 1) transformed. c ln(y + 2) transformed. d One outlier excluded. e NA, not applicable because the candidate set included only one model.
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Catchment Influence on Stream Solutes
Catchment slope had a dominant influence on NO 3 À concentration in streams, explaining twice as much variation as climate-associated predictors in May and July and emerging as the sole predictor of NO 3 À concentration in August. Thus, the apparent latitudinal patterns in NO 3 À concentration can be explained by dominant topographic features in the region, which are characterized by upland catchments at the southern end of the study area, lowland catchments adjacent to the Yukon River, increased slope in the southern foothills of the Brooks Range, and gentle slopes north of the Brooks Range. Slope influences the transit time of water and solutes through catchments, with rapid transit promoting more conservative export of NO 3 À and slower flows increasing the opportunity for uptake and reaction of NO 3 À [Clow and Sueker, 2000; Creed et al., 2008; Watmough et al., 2004] . Importantly, catchments with low relief allow for development of riparian zones and wetlands that promote anoxia and removal of NO 3 À by denitrification. A positive correlation between NO 3 À concentration and active layer depth supported the hypothesis that permafrost influences biogeochemical cycles, but this correlation occurred in May, when thaw depths are shallow. However, soils begin to thaw during snowmelt, and this positive relationship might stem from variation in the rate of thaw and strong stratification in soil N pools with depth, causing greater export of NO 3 À via deep flowpaths in more deeply thawed catchments [Jones et al., 2005; Harms and Jones, 2012] . Thus, this analysis indicates that greatest future increases in NO 3 À export in this region will occur from steep catchments undergoing thawing of permafrost.
Regional variation in DOC concentration was explained by similar factors as NO 3 À , indicating that DOC and NO 3 À are regulated by similar hydrologic mechanisms, but concentration of DOC was additionally influenced by composition of vegetation and climate-associated drivers. A negative relationship between catchment slope and DOC concentration during snowmelt and autumn is consistent with previous studies linking transit time to export of organic material, with wetlands often constituting the most significant source of DOM to Table 6 for regression models. Note that multiple regression models were fit to centered data.
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rivers [Ågren et al., 2008b; Gergel et al., 1999; Pellerin et al., 2004] . However, unlike NO 3 À , catchment slope did not explain significant variation in DOC concentration in all seasons. Furthermore, in contrast to other studies [e.g., Creed and Beall, 2009] , topographic indicators in addition to catchment slope were not as strongly correlated with DOC concentration. Instead, a negative correlation of active layer depth with DOC concentration during all sampling campaigns reflects the strong contribution of shallow organic layers to DOC in runoff and suggests that deeper flows where permafrost has thawed will result in decreased export of DOC to streams, as has been observed in the Yukon basin [Striegl et al., 2005] and the Kuparuk basin in arctic Alaska . Extent of upland tundra vegetation also explained regional-scale variation in DOC concentration, although a positive effect during snowmelt compared to a negative effect in autumn likely stems from strong seasonality of catchment hydrology, in addition to a direct influence of vegetation on production of DOC. Upland tundra typically occurs at higher latitudes or higher elevations where snowmelt occurs later, and sampling was more likely to overlap with peak runoff and DOC concentration in these catchments ( Figure S1 ). Lower productivity of high-elevation and high-latitude catchments compared to forested catchments likely results in a smaller source of DOC during the snow-free period.
A strong influence of vegetation characteristics on several descriptors of the DOM pool indicates the contribution of vegetation sources to DOM exported by streams, and a high likelihood of change in the composition of DOM under the predicted scenarios of changing vegetation communities in boreal and arctic catchments [Euskirchen et al., 2009; Johnstone et al., 2010; Tape et al., 2006] . In particular, correlations of DOM composition with cover of black spruce and tundra suggest that replacement of these communities by deciduous forest or shrub cover could yield changes in the relative abundance of protein-like DOM (C4) and the average molecular weights (slope ratio) of DOM in streams. Additionally, correlations of active layer depth with FI, C1, and the slope ratio suggest that the routing of water through deeper soils, as mediated by climate, results in reduced export of high molecular weight, humic, and plant-derived molecules to Table 6 for regression models. Note that multiple regression models were fit to centered data.
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streams. A positive relationship between FI and volumetric water content and soil temperature and a negative relationship of soil moisture with C4 (highly labile, tryptophan-like component of DOM) might reflect increased microbial processing of DOM in warmer or wetter soils. Similar patterns have been observed in other boreal catchments, where higher FI occurred in forested catchments relative to wetland-dominated catchments [Kothawala et al., 2015] . Further, saturated wetland soils were also negatively correlated with contribution of the tryptophan-like component in temperate catchments [Williams et al., 2010] , which may be preferentially consumed by decomposers [Balcarczyk et al., 2009; Fellman et al., 2009] . Additional variation in the composition of DOM in this region that was unexplained by the present analyses might be explained by groundwater contribution to streamflow, with more labile, but lower concentration of DOM contributed to streams by groundwater [O'Donnell et al., 2012] .
Despite potential for temperature to influence the production of solutes via release from thawing permafrost or increased rate of primary production, soil temperature explained less variation in concentrations of NO 3 À and DOC, or composition of DOM than vegetation or catchment attributes. Previous experimental and correlative approaches at soil core, plot, and catchment scales have shown that higher temperature can yield increased production and concentration of soluble, microbially available N and DOM due to increased rates of net primary production, increased solubilization of DOM, or more rapid turnover of C and N [ Table 6 for regression models. Note that multiple regression models were fit to centered data.
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10.1002/2015JG003201 Sponseller et al., 2014] . However, several studies of boreal and tundra soils have indicated that soil temperature effects on production of DOM are secondary to vegetation composition [Judd and Kling, 2002; Neff and Hooper, 2002] or soil moisture conditions [Schelker et al., 2013] and that higher soil temperatures enhance respiration more than production of DOM, resulting in little net effect on export of DOM [Neff and Hooper, 2002] . Thus, whereas temperature influences mobilization and constrains export of dissolved C and N at the plot scale, at broader scales the attributes of catchments may supersede the direct effect of soil temperature.
Seasonality of Nitrate and Dissolved Organic Matter Across Latitudes
Seasonal patterns in DOC concentration and DOM composition observed in the study streams were consistent with those observed in other high-latitude regions, suggesting a common set of mechanisms influencing production and transport of DOC. The strong pulse of DOC associated with snowmelt observed across the latitude gradient is a characteristic event in snowmelt-dominated catchments [Boyer et al., 1997; Cai et al., 2008; Holmes et al., 2012; Petrone et al., 2006; Sebestyen et al., 2008; Townsend-Small et al., 2011] . DOM produced during snowmelt in the study catchments tended to be more humic and of higher molecular weight, as evidenced by lower FI values, higher values of the C1 component of EEMs, and lower values of the slope ratio during snowmelt compared to summer and autumn, and these traits are consistent with a detrital source of DOM transported via shallow flowpaths [Carey, 2003; Neff et al., 2006; Spencer et al., 2008] . Similar temporal contrasts in both concentration of DOC and composition of DOM occurred across nearly all catchments, despite occurrence of sampling prior to peak discharge in the northernmost catchments and on the receding limb of the snowmelt hydrograph at the southern end of the latitude gradient ( Figure S1 ). However, the timing of sampling during snowmelt did correspond to a stronger contribution of terrestrially derived DOM in streams sampled before peak discharge occurred compared to those sampled on the falling limb, as evidenced by higher contribution of the C1 component of fluorescent DOM in streams sampled prior to peak flow. This pattern suggests potential limitation by the size of the reservoir of readily mobilized humic material or that rapid deepening of flowpaths through catchments during snowmelt result in bypassing of this pool during later stages of melt, a mechanism that generates hysteresis in solute-discharge relationships Table 6 for regression models. Note that multiple regression models were fit to centered data.
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in many snowmelt-dominated catchments [Ågren et al., 2008b; Carey, 2003; Creed and Band, 1998 ]. The ultimate fate of the high load of dissolved C generated by snowmelt is unknown, but incubation studies indicate high relative bioavailability of DOC during snowmelt [Ågren et al., 2008a; Holmes et al., 2008] , and potential for photolysis because solar radiation is high during this time [Cory et al., 2014] . Depending upon transit times, these processes may be of importance for C cycling within freshwater ecosystems or in receiving estuaries.
In summer, lower concentration of DOC and evidence of lower relative concentrations of large, humic, plant-derived compounds were consistent with depletion of these materials from the leachable pool in organic soils, or to a shift in the depth of flow connecting soils to streams. Both fluorescence-(FI and the C1 component) and absorbance-based indices (slope ratio) indicated this seasonal shift in the composition of DOM (Figure 2) . A deeper water table, and less frequent hydrologic connection of shallow, organic soil horizons with streams than during snowmelt yields similar temporal patterns in concentration and composition of DOM in other boreal ecosystems and in the temperate zone [Laudon et al., 2011; Sebestyen et al., 2008] . In permafrost-influenced catchments, a decline in concentration of DOC in summer is also likely driven by increasing thaw depth, which allows flow through mineral soils that can sorb DOM and contain less soluble organic carbon than surface soils [Carey, 2003; Kawahigashi et al., 2006; Petrone et al., 2006] . Although most indices of DOM composition were similar between July and August, SUVA values declined in August at most sites, indicating decreased concentration of phenolic compounds in streams, despite similar flow conditions during the two sampling periods ( Figure S1 ). Decreased aromaticity might occur because of increased microbial biomass and decomposition rates during warmer months or lower inputs of soil-derived DOM and longer processing time due to deeper flowpaths with increasing thaw depth [Battin et al., 2008; Inamdar et al., 2011; Mann et al., 2012; O'Donnell et al., 2010] .
In contrast to DOM, the observed high-latitude streams exhibited little seasonal pattern in NO 3 À . Despite sharp seasonal contrasts in depth of predominant flowpaths indicated by changes in the composition of the DOM pool, concentration of NO 3 À remained relatively constant in each stream, suggesting that transport of NO 3 À to streams is uninfluenced by seasonal changes in flow path depth or that multiple sources of NO 3 À contribute to exports in streamflow. In temperate catchments, a flush of NO 3 À during snowmelt derives from NO 3 À accumulated in shallow soils over winter, or direct delivery of atmospheric NO 3 À from the snowpack to streams [Creed and Band, 1998; Sebestyen et al., 2008] . Little overwinter production of NO 3 À occurs in shallow arctic soils, but accumulation of ammonium suggests potential for nitrification in transit to streams [Buckeridge and Grogan, 2010; Schimel et al., 2004] . Lack of a pulse of NO 3 À during snowmelt in these catchments may reflect the timing of the sampling with respect to a brief pulse of snow-derived NO 3 À .
Alternatively, highest rates of denitrification and NO 3 À uptake occur in shallow soils of the study region during snowmelt [Harms and Jones, 2012] , and thus, snow-derived NO 3 À may be retained or removed before reaching the stream. Additionally, upwelling of deep groundwater could contribute NO 3 À directly to streams, providing a temporally constant source of N to streams [O'Donnell and Jones, 2006; Petrone et al., 2006] . Potential sources of NO 3 À to streams in summer also include contribution of NO 3 À derived from nitrification within catchments, when rate of nitrification is highest [Schimel et al., 2004] .
Consequences of Catchment Variation for Biogeochemical Responses to Climate Warming
Previous studies have documented decreased DOC flux from high-latitude catchments undergoing permafrost thaw and hypothesized that deepening of flowpaths that bypass organic layers increase opportunity for decomposition Striegl et al., 2005] , whereas others have predicted an increase in DOC release from catchments due to permafrost thaw [Frey and Smith, 2005; Laudon et al., 2012] . Concurrently, climate warming is expected to produce increased flux of inorganic N due to rerouting of hydrologic flowpaths [Frey and McClelland, 2009] . Our analyses of diverse catchments spanning discontinuous to continuous extent of permafrost from boreal to arctic Alaska confirm the importance of permafrost, here indexed by depth of the active layer, for export of C and inorganic N from terrestrial ecosystems to streams. However, along the Alaskan latitudinal transect, spatial patterns in NO 3 À and DOC concentrations as well as descriptors of the content of the DOM pool were not monotonic, suggesting that broad regional trends in climate and permafrost are not the primary influence on catchment biogeochemistry within the sampled region. Rather, characteristics of individual catchments, including physical and vegetative attributes, strongly shaped the amount and composition of biologically labile materials transported by streams. The patterns reported herein therefore indicate that a catchment context, rather than a top-down climate view,
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is needed to predict changes in export of dissolved C and N at regional scales. We emphasize catchment slope, development of the organic layer, and composition of vegetation as attributes of catchments that may correlate with future changes in exports of DOC and NO 3 À , and accordingly, we predict that DOC and NO 3 À export from steeply sloped catchments and those undergoing changes in vegetation composition are likely to respond most strongly to thawing permafrost. Lack of correlation of DOC and NO 3 À concentration or DOM composition with catchment area suggests that these attributes are applicable across a wide range in catchment size. Importantly, a catchment context will support efforts to understand and model C and N cycles in regions undergoing loss of permafrost.
Erratum
In the originally published version of this article, Table 6 , column 4 contained several symbol errors. In this column, the letter b appeared in place of the correct symbol, an asterisk. These errors have since been corrected, and this version may be considered the authoritative version of record.
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